In the vertebrate retina, neurites from distinct neuronal cell types are constrained within the plexiform layers, allowing for establishment of retinal lamination. However, the mechanisms by which retinal neurites are segregated within the inner or outer plexiform layers are not known. We find that the transmembrane semaphorins Sema5A and Sema5B constrain neurites from multiple retinal neuron subtypes within the inner plexiform layer (IPL). In Sema5A À/À ; Sema5B À/À mice, retinal ganglion cells (RGCs) and amacrine and bipolar cells exhibit severe defects leading to neurite mistargeting into the outer portions of the retina. These targeting abnormalities are more prominent in the outer (OFF) layers of the IPL and result in functional defects in select RGC response properties. Sema5A and Sema5B inhibit retinal neurite outgrowth through PlexinA1 and PlexinA3 receptors both in vitro and in vivo. These findings define a set of ligands and receptors required for the establishment of inner retinal lamination and function.
INTRODUCTION
The organization of neural circuits into laminae provides a mechanism for generating specific patterns of neuronal connectivity within many regions of the nervous system. In the vertebrate retina, neuronal circuitry is primarily organized in two separate synaptic regions: the outer and inner plexiform layers (OPL and IPL, respectively) , which reside at the boundaries of the three retinal cell body layers (Masland, 2001; Wä ssle, 2004) . Six major neuronal cell types located in three cell body layers elaborate neuronal processes in a stereotypic fashion within the two plexiform layers (Masland, 2001; Sanes and Zipursky, 2010) . In the IPL, the two main retinal pathways that respond to an increment (ON pathway) or a decrement (OFF pathway) in illumination are organized in spatially segregated layers. Over the past two decades, our knowledge of the genetic programs controlling neuronal cell type specification in the vertebrate retina has advanced greatly (Livesey and Cepko, 2001; Ohsawa and Kageyama, 2008) . However, the cellular and molecular events required for the development of laminar organization in the retina are largely unknown. Further, the establishment of retinal lamination and its relationship to visual system function remain to be investigated.
Current evidence implicates both adhesive and repulsive molecules in directing retinal neurite stratification and targeting in the IPL. For example, Dscams and Sidekicks, homophilic cell adhesion molecules (CAMs), participate in lamina-specific neurite arborization within the chicken IPL (Yamagata and Sanes, 2008; Yamagata et al., 2002) . DSCAMs in the mouse also regulate retinal neurite self-avoidance (Fuerst et al., 2008 (Fuerst et al., , 2009 , and two separate point mutations in DSCAM disturb process stratification of select neuronal subtypes in the murine retina (Fuerst et al., 2010) . In addition, the transmembrane semaphorin Sema6A signals through the PlexinA4 (PlexA4) receptor to direct processes from select subtypes of murine retinal neurons to specific sublaminae within the IPL (Matsuoka et al., 2011) . However, molecular cues that direct the targeting of the vast majority of neuronal subtypes to specific sublaminae within the IPL, or that serve more generally to segregate retinal neurites to either the IPL or OPL, have yet to be identified.
Here, we show that the murine transmembrane repellents Sema5A and Sema5B together constrain the neurites of many inner retinal neurons to the IPL. In the absence of Sema5A and Sema5B, or the PlexinA1 and PlexinA3 receptors that mediate their function in the IPL, retinal ganglion cell (RGC) and amacrine and bipolar cell neurites that normally stratify in the IPL instead extend toward the outer retina, resulting in functional deficits in retinal responses to visual stimuli.
RESULTS
Transmembrane Class 5 Semaphorins Sema5A and Sema5B Are Expressed in the Developing Retina To define cues that regulate the lamination of neuronal processes during retinal development, we first determined the expression patterns of Class 5 and Class 6 transmembrane semaphorins (Sema5A, 5B, and Sema6B, 6C, 6D) in the developing mouse retina (Figure 1 ; data not shown). We observed strong expression of Sema5A and Sema5B mRNA in the embryonic and early postnatal retina (Figures 1A-1H ; data not shown; none of our own or commercially available Sema5A or Sema5B antibodies specifically stained mouse retinas). Sema5A and Sema5B exhibit very similar expression patterns, and both are expressed throughout early postnatal development when RGC dendrites, amacrine cell neurites, and bipolar cell axons arborize and make synaptic connections within the IPL. At postnatal day (P) 0 and P3, robust Sema5A and Sema5B mRNA expression is observed in the outer neuroblastic layer (ONBL) ( Figures 1A-1F ), directly adjacent to the inner neuroblastic layer (INBL), which we labeled with anti-Pax6, a marker for most RGCs and amacrine cells (Figures 1E and 1F) . At P7, P10, and P14, the expression of both Sema5A and Sema5B becomes more restricted and is observed in the middle to outer part of inner nuclear layer (INL) (Figures 1G and 1H; data not shown) . Sema5A and Sema5B transcripts are not detectable at P21, a time when retinal development is almost complete. ; Sema5B À/À (L and P) adult retina sections were immunostained with antibodies against TH (green, I-L) or vesicular glutamate transporter type 3 (vGlut3, green, M-P). TO-PRO-3 dye (blue) was used to visualize organization of nuclear layers within the retina. In Sema5B À/À and Sema5A
TH-positive dopaminergic amacrine cells and also vGlut3-positive amacrine cells exhibit defects in stereotypic neurite arborization (K, L, O, and P) (n = 6 Sema5B À/À mice; n = 12 Sema5A
Sema5B
À/À mice). In WT and Sema5A À/À retinas, dopaminergic amacrine cell neurites are observed predominantly within the S1 sublamina of the IPL (I and J).
In contrast, aberrant TH-positive neurites are observed in the INL of Sema5B À/À and Sema5A
Transmembrane Class 5 Semaphorins Regulate Inner Retinal Neurite Arborization In Vivo The two class 5 semaphorins, Sema5A and Sema5B, are phylogenetically conserved membrane-bound semaphorin proteins and share an identical arrangement of semaphorin domains and thrombospondin type 1 repeats (TSRs) with an overall amino acid similarity of 72% (Adams et al., 1996; Tran et al., 2007; Yazdani and Terman, 2006) . Previous work has shown that Sema5A and Sema5B can act as guidance cues to either attract or repel processes belonging to different neuronal populations (Goldberg et al., 2004; Hilario et al., 2009; Kantor et al., 2004; Lett et al., 2009; Oster et al., 2003) . We generated mice harboring knockout alleles of Sema5A and Sema5B by targeting exon 6 of Sema5A and exon 2 of Sema5B, each of which encode the first 41 or 51 amino acids, respectively, of these proteins (see Figure S1 available online). Our Sema5A and Sema5B mutant mice lack full-length Sema5A and Sema5B proteins (Figures S1G and S1H) . Unlike the early embryonic lethality observed in previously generated Sema5A null mice (in a mixed 129/NMRI genetic background) (Fiore et al., 2005) , we found that in a 129/C57BL/6 mixed genetic background, our Sema5A ; Sema5B À/À mice, tyrosine hydroxylase (TH)-expressing dopaminergic amacrine cells, which predominantly stratify within the S1 sublamina of the IPL in wild-type (WT) retinas ( Figure 1I ), exhibit dramatic mistargeting within both the INL and OPL ( Figure 1L ). Similarly, vGlut3-expressing amacrine cells, which mostly stratify within the S2/S3 sublaminae of the IPL in WT retinas ( Figure 1M ), show severe neurite mistargeting within both the IPL and INL in Sema5A
; Sema5B À/À mice ( Figure 1P ). show defects in these same classes of retinal neurons (Figures 1J and 1N and Figure S2 ; data not shown). These results suggest that Sema5A and Sema5B play redundant roles in regulating multiple amacrine cell neurite arborization events in vivo. This is in contrast to our observations showing that Sema6A/PlexA4 signaling regulates neurite stratification of only a very small number of amacrine cell types, and serves to guide these projections toward, not away, from the inner retina within the IPL (Matsuoka et al., 2011 Figure 2L ), a phenotype never observed in WT retinas ( Figure 2K ). (Feng et al., 2000) . In wild-type Thy1::GFP-M mice, nearly all RGCs exhibit dendritic arbors that are stratified within specific sublaminae ( Figure 3A ). In contrast, $85% of GFP-labeled RGCs in Thy1::GFP-M; Sema5A
; Sema5B À/À mice have dendrites that arborize broadly within the IPL, extending into the INL, OPL, and, in a few cases, the ONL (Figures 3B and 3C ; quantification in Figure 3D ). GFP-labeled RGCs Figure 3D ).
M1-type melanopsin-expressing intrinsically photosensitive ganglion cells (ipRGCs), visualized here with an antibody directed against the N terminus of melanopsin, normally stratify within the outermost S1 sublamina of the IPL ( Figure 3E ) (Ecker et al., 2010; Schmidt and Kofuji, 2009 ). However, in Sema5A À/À ; Sema5B
retinas, M1-type ipRGC dendrites fail to stratify in the S1 sublamina and instead arborize in the INL and OPL ( Figures 3F-3H ). This same antibody directed against melanopsin clearly labels dendritic stratification of distinct ipRGC subtypes within two discrete domains of the IPL in P14 retinas ( Figures 3E and 3I ) (Ecker et al., 2010; Fuerst et al., 2009 ; Sema5B À/À retinas are not correlated with axonal projection abnormalities to retinorecipient brain targets; we find that all RGC axon central trajectories, as assessed by anterograde tracing, and ipRGC axonal projections to their major CNS targets, as assessed using a genetically encoded tracer (Hattar et al., 2006) , reveal no defects in RGC axonal targeting to the brain ( Figure S4 ). To determine whether Sema5A and Sema5B directly regulate neurite development, we asked if these cues affect neurite outgrowth in dissociated embryonic retinal neurons. WT embryonic day (E) 14.5 retinal neurons were cultured on top of a confluent monolayer of stable HEK293 cell lines expressing Sema5A, Sema5B, or harboring an empty expression vector. Based on neuronal morphological characteristics and also the developmental timing of retinal neuronal cell type generation (Byerly and Blackshaw, 2009; Ohsawa and Kageyama, 2008) , a majority of the neurons in our cultures included either RGCs or amacrine cells. The mean neurite length of retinal neurons cultured on the Sema5A-or Sema5B-expressing HEK293 cells was significantly shorter ($50%-60%) than observed on control HEK293 cells ( Figures 3K-3N ). Thus, exogenous Sema5A and Sema5B inhibit retinal neurite outgrowth in vitro. ; Sema5B À/À mice). M1-type ipRGC dendritic termination was scored for normal (S1 sublamina) or abnormal laminar stratification location within the retina (WT RGCs: 95.1% in S1 of the IPL, 4.7% in INL, 0% in OPL/ONL; Sema5A À/À ; Sema5B À/À RGCs: 17.6% in S1 of the IPL, 70.6% in INL, 11.8% in OPL/ONL).
Bipolar Cell Axon Targeting Exhibits Select Defects in Class 5 Semaphorin Mutants

Sema5A -/-; Sema5B -/-
The number of M1-type ipRGCs quantified for this analysis for each genotype was: n = 82 for WT and n = 85 for Sema5A ; Sema5B +/À retinas, multiple ipRGC subtypes labeled by the anti-melanopsin exhibit dendritic stratification within two distinct IPL domains: one resides within the S1 sublamina of the OFF layer (white arrow in I), and the other lies within S4/S5 sublaminae of the ON layer (white arrowhead in I). In Sema5A
; Sema5B À/À retinas, ipRGC dendritic stratification within the S4/S5 sublaminae (white arrowhead in J) is preserved; however, dendritic stratification within the S1 sublamina is severely disrupted, resulting in aberrant dendritic extension within the INL (yellow arrows in J). Anti-Calretinin labels neuronal processes in three strata at the borders of S1 and S2, S2 and S3, and S3 and S4 within the IPL in the Sema5A
; Sema5B +/À retina (white bars in I 0 ). In contrast, in the Sema5A
; Sema5B À/À retina, the outer stratification residing at the border of S1 and S2 within the OFF layer in the Sema5A +/À ; Sema5B +/À retina was severely disturbed (yellow arrows in J 0 ), whereas the two stratification bands closer to GCL were relatively less disturbed (white bars in J 0 ).
(K-M) In vitro neurite outgrowth assay using dissociated retinal neurons derived from E14.5 retinas. Dissociated retinal neurons were cultured for 48 hr on confluent monolayers of HEK293 cell lines stably transfected with either a control vector (K), or with vectors expressing Sema5A (L) or Sema5B (M). Retinal neurons cultured on Sema5A-or Sema5B-expressing HEK293 cells show reduced neurite length compared to those cultured on control cells, though a similar number of retinal neurons cultured on these different cell lines exhibit neurite outgrowth.
(N) Quantification of average neurite length per neuron from in vitro retinal neurite outgrowth assays (n = 59 cells for control; n = 48 cells for Sema5A; n = 57 cells for Sema5B). Both Sema5A and Sema5B significantly inhibit retinal neuron neurite outgrowth in vitro (average neurite length per neuron: 219.5 ± 20.3 mm for control; 91.7 ± 6.8 mm for Sema5A; 106.1 ± 8.4 mm for Sema5B). Error bars are SEM (n = 3 independent experiments). **p < 0.01 by one-way ANOVA followed by Tukey's HSD test. Scale bars represent 50 mm in (C) for (A)-(C), 50 mm in (G) for (E)-(G), 30 mm in (J 00 ) for (I)-(J 00 ), and 100 mm in (M) for (K)-(M).
In contrast to the organized distribution of bipolar cell axon terminals within the IPL, observed as vGlut1 + puncta in WT (Haverkamp et al., 2003) , which normally establish axon terminals within the S1 sublamina of WT retinas ( Figure 4C ), also exhibit robust axon termination defects within the INL of Sema5A
À/À retinas (Figure 4D ). In contrast, rod ON bipolar cells labeled by an antibody directed against protein kinase C a (PKCa) (Haverkamp et al., 2003) ; Sema5B À/À retinas using a multielectrode array (Meister et al., 1994; Ye et al., 2009) . Consistent with previous studies (Rentería et al., 2006; Segev et al., 2004) , the vast majority of spiking neurons that we recorded were RGCs based on their spike patterns. We found that the total number of RGCs that responded to whole-field increments or decrements in illumination (referred to hereafter as ON or OFF stimuli) was similar in Sema5A whole-field and local spot stimuli according to an ON-OFF index that quantifies RGC responses to these stimuli as a weighted difference between the maximal response amplitude following an increment or decrement in light intensity: RGCs that respond exclusively to the onset of illumination have an ON-OFF index of 1; RGCs that respond exclusively to the offset of illumination have an index of À1; RGCs that respond equally to both stimuli have an index of 0 ( Figure 5B and Figure S5; , 0.5 in whole-field and 0.35 in local spot experiments; p = 0.00042 for the whole-field response difference and p = 1.18E-09 for the spot response difference, Student's t test).
To assess direction selectivity of the RGC responses, we presented stimuli using bars of different widths (100 or 240 mm widths) moving in 8 evenly spaced directions ( Figure S6 ). We found that direction-selective responses were not significantly different between Sema5A +/À ; Sema5B +/À and Sema5A À/À ; Sema5B À/À mice ( Figure 5C and Figure S6 ). Consistent with this observation, the optokinetic reflex (OKR) (Cahill and Nathans, 2008) was also unaffected ( Figures S7A and S7B ). In addition, Sema5A Strobe flash stimuli to mice dark-adapted overnight elicit the summed activity of rod photoreceptors (a-wave) (Penn and Hagins, 1969 ) and rod depolarizing bipolar cells (b-wave) (Kofuji et al., 2000; McCall and Gregg, 2008 These data are consistent with our observation of normal photoreceptor axon terminals and bipolar cell dendrite stratification in the OPL of Sema5A
; Sema5B À/À retinas. The amplitudes of the high-frequency oscillatory potentials (OPs) of the b-wave, which are thought to reflect neuronal activity in the inhibitory feedback pathway initiated by amacrine cells (Wachtmeister, 1998; Wachtmeister and Dowling, 1978) , were also reduced in Sema5A À/À ; Sema5B À/À mice (data not shown). In addition, light-adapted responses reflecting activity of the cone ON pathway (Sharma et al., 2005) Number of RGCs Number of RGCs Number of RGCs Figures 3K-3N ). However, neurite outgrowth inhibition by Sema5A or Sema5B was abolished when PlexA1
; PlexA3 À/À retinal neurons were used in this assay, and it was significantly attenuated for PlexA1 À/À single mutant embryonic retinal neurons cultured on Sema5A-expressing HEK293 cells. The average neurite length per neuron: for PlexA1 À/À embryos, 231.1 ± 17.0 mm for control (n = 56), 192.9 ± 15.0 mm for Sema5A (n = 59), and 171.0 ± 12.4 mm for Sema5B (n = 62); for PlexA3 À/À embryos, 227.3 ± 15.0 mm for control (n = 58), 154.7 ± 14.2 mm for Sema5A (n = 60), and 124.0 ± 10.5 mm for Sema5B (n = 53); and for PlexA1
; PlexA3 À/À embryos, 199.7 ± 16.2 mm for control (n = 49), 195.2 ± 19.3 mm for Sema5A (n = 57), and 196.1 ± 13.7 mm for Sema5B (n = 46). Error bars are SEM (n = 3 independent experiments). Black asterisk indicates statistical significance of neurite outgrowth on ligandexpressing HEK293 cells as compared to control HEK293 cells within each genotype. Red asterisk indicates statistical significance under the same treatment between WT and other retinal neuron genotypes. *p < 0.05 and **p < 0.01, multifactorial ANOVA followed by Tukey's HSD test. Scale bars represent 100 mm in (B) for (A) and (B), 50 mm in (D) for (C) and (D), 500 mm in (F) for (E) and (F), 100 mm in (J) for (G)-(J), and 100 mm in (P) for (K)-(P).
Class 5 Semaphorin Inhibition of Retinal Neurite Outgrowth Is Mediated by PlexA1 and PlexA3 In Vitro
To test if PlexA1 and PlexA3 are indeed functional receptors capable of mediating the inhibitory actions of Sema5A and Sema5B on retinal neurons, we conducted neurite outgrowth assays using retinal neurons obtained from E14.5 PlexA1
À/À embryos. As noted above ( Figures 3K-3N ), we found that both Sema5A and Sema5B inhibit total neurite outgrowth from WT retinal neurons by $50%-60% ( Figures 6K-6M and 6Q ). However, there was no inhibition of neurite outgrowth by either Sema5A or Sema5B when PlexA1
were used in this assay ( Figures 6N-6P and 6Q ). Inhibition of retinal neurite outgrowth by Sema5A, but not Sema5B, was partially attenuated when PlexA1 À/À retinal neurons were assessed ( Figure 6Q ), and there was little or no attenuation of Sema5A or Sema5B inhibition when PlexA3 À/À retinal neurons were similarly assayed ( Figure 6Q ). These results suggest that PlexA1 and PlexA3 function redundantly to mediate Sema5A and Sema5B inhibition of neurite outgrowth in vitro. 
DISCUSSION
We identify here molecular cues that segregate neurites from RGCs, amacrine cells, and bipolar cells within the IPL during retinal development (Figure 8 ). The transmembrane semaphorins Sema5A and Sema5B exhibit very similar expression patterns in the ONBL of the early postnatal retina, and they inhibit neurite outgrowth from retinal neurons in vitro. Loss of both Sema5A and Sema5B in vivo leads to severe defects in the establishment of inner retinal lamination and also a selective defect in laminar stratifications of the OFF region of the IPL. These selective disruptions in the OFF circuit within the IPL of Sema5A (data not shown), the peak of bipolar cell genesis in the mouse retina (Byerly and Blackshaw, 2009; Young, 1985) . Most bipolar cell axon targeting and stratification within the IPL occur later than P3 (Morgan et al., 2006) , particularly in the peripheral retina, and bipolar cell axon branching begins well after subtypes of RGCs and amacrine cell projections stratify (Stacy and Wong, 2003) . Taken together, these observations suggest that mislocalization of bipolar cell axon terminals within the INL of Sema5A À/À ; Sema5B À/À and PlexA1
; PlexA3 À/À retinas is a secondary consequence of the neurite targeting defects in multiple amacrine cell and RGC subtypes in these mutants. The primary deficit in neurite targeting that affects multiple RGC and amacrine cell subtypes in Sema5A
À/À mutant retinas is difficult to precisely assign because all of the RGC and specific amacrine subtypes we examined exhibit neurite targeting deficits. PlexA1 and PlexA3 receptors are expressed in the optic nerve and also broadly within the INBL throughout early postnatal development, suggesting that RGCs and amacrine cells express these two receptors. RGCs are dispensable for generating IPL sublamination by amacrine and bipolar cell neurites (Kay et al., 2004) , and amacrine cells provide laminar stratification cues for RGCs within the IPL (Huberman et al., 2010; Matsuoka et al., 2011; Mumm et al., 2006; Stacy and Wong, 2003 different local cues associated with amacrine cells. However, it is also possible that class 5 semaphorins act on multiple neuronal cell types independently because both RGCs and amacrine cells express PlexA1 and PlexA3. Selectively removing the PlexA1 and PlexA3 genes in one or more subtypes of RGCs or amacrine cells will address this question.
Class 5 Semaphorin Regulation of Retinal Function
The ON and OFF visual system pathways are controlled by distinct circuits in the mammalian retina (Masland, 2001; Wä ssle, 2004) . Understanding how the separation between ON and OFF visual circuits is established during development is fundamental in order to understand visual information processing. Distinct bipolar cell subtypes that contribute to the ON and OFF pathways stratify in spatially segregated ON and OFF layers of the IPL, forming synapses on RGC dendrites that are similarly segregated (Famiglietti and Kolb, 1976; Masland, 2001; Wä ssle, 2004 (Dong and Hare, 2002; McCall et al., 2002; Naarendorp et al., 1993; Wachtmeister, 1998 Mechanisms Governing Lamination in the Mammalian CNS Lamina-specific synaptic connectivity is a key feature of neuronal organization in both vertebrate and certain invertebrate nervous systems (Sanes and Zipursky, 2010) . Previous studies on the function of CAMs during retinal development, including Sidekick and Dscam CAMs in both the chicken and the mouse, demonstrate requirements for these CAMs in the generation of laminar targeting specificity among retinal neuronal subtypes expressing these adhesion molecules within the IPL (Fuerst et al., 2010; Yamagata and Sanes, 2008; Yamagata et al., 2002) . In addition to adhesive interactions, however, recent observations show that repulsion plays a critical role in select neuronal stratification events in the IPL (Matsuoka et al., 2011) . Taken together with our findings here on class 5 semaphorins and their role in regulating the establishment of neural connectivity within the retina, these observations suggest that inner retinal lamination is initially orchestrated through a combination of spatially distinct transmembrane semaphorin repellent cues. Sema6A, which is expressed in inner retinal neuron subtypes, directs a small subset of select laminar stratification events within the IPL; in contrast, Sema5A and Sema5B guidance cues present in outer retinal neurons control inner retinal lamination by constraining a major portion of inner retinal neurites to the IPL. It seems likely that a combination of transmembrane semaphorin short-range repulsive interactions and attractive interactions mediated by CAMs facilitates laminar stratification by regulating synapse formation among select neuronal subtypes that together participate in the formation of specific neural circuits in the retina. Outer retinal lamination events within the OPL are controlled by as yet unidentified repellents or attractants.
Our observations showing how transmembrane class 5 semaphorins and their PlexA1 and PlexA3 receptors function during retinal development provide an example of repulsive guidance cue regulation of mammalian IPL lamination and segregation of inner retinal neurites from the outer retina. Correct development of inner retinal lamination is critical for appropriate physiological retinal responses, demonstrating that establishment of retinal laminar organization and retinal circuit function are intimately related. It will be of interest to determine whether similar molecular mechanisms facilitate the elaboration of laminar organization in other regions of the CNS, including the spinal cord and the cerebral cortex, and to understand how laminar organization in these regions of the CNS is related to function. Defining this relationship will advance our understanding of lamination as an organizing principle throughout the nervous system.
EXPERIMENTAL PROCEDURES Animals
The day of vaginal plug observation was designated as E0.5 and the day of birth as P0. Genetically modified mouse lines and targeting strategies for the generation of Sema5A À/À and Sema5B À/À mice are described in Supplemental Experimental Procedures.
Immunohistochemistry
Immunohistochemistry was performed as previously described (Matsuoka et al., 2011) . The primary antibodies used in this study are listed in Supplemental Experimental Procedures.
In Situ Hybridization
In situ hybridization was performed on either fresh-frozen or PFA-fixed retina sections (20 mm thickness) as described previously (Matsuoka et al., 2011) .
Digoxigenin-labeled antisense riboprobes specific for the coding sequences of Sema5A (3353-3860 bp), Sema5B (2808-3366 bp), PlexA1 (381-1314 bp), and PlexA3 (4977-5616 bp) were used for in situ hybridization.
Neurite Outgrowth Assay
The dissociation of mouse retinas was performed as previously described with some modifications (Maxeiner et al., 2005) . The detailed dissociation method is described in Supplemental Experimental Procedures. Dissociated E14.5 retinal neurons (1 3 10 5 cells) were plated on top of a confluent monolayer of control HEK293 cells, or a stable HEK293 cell line expressing either Sema5A or Sema5B, in 24-well plates and then cultured for 48 hr in culture medium (containing B-27 supplement, 2 mM L-Glutamine, 10 ng/ml ciliary neurotrophic factor [CNTF] [R&D Systems], 50 ng/ml brain-derived neurotrophic factor [BDNF], 5 mM forskolin, 5 mg/ml insulin, 50 U/ml penicillin, and 50 mg/ml streptomycin), fixed in 4% PFA for 15 min, incubated with anti-bIII-tubulin (Promega; at 1:1000), followed by incubation with goat anti-mouse IgG conjugated with Alexa 488 (Invitrogen; at 1:500), and then imaged for neurite outgrowth analysis. Neurite lengths of retinal neurons were quantified using ImageJ plugin.
ERG Recording
ERG measurements were performed as previously described (Samuels et al., 2010) . The amplitude of the a-wave was measured at 8 ms after flash presentation from the prestimulus baseline. The amplitude of the b-wave was measured to the b-wave peak from the a-wave trough or, if no a-wave was present, from the baseline. The amplitude of individual oscillatory potentials was measured from the negative trough to the subsequent peak. The implicit times of the b-wave and individual oscillatory potentials were measured at the positive peak.
Multielectrode Array Recordings RGC responses to a variety of light stimuli were recorded using a Multielectrode Array System (Multi Channel Systems; ALA Scientific Instruments, Farmingdale, NY, USA). Dissections and recording conditions were previously described (Meister et al., 1994; Ye et al., 2009) . Visual stimuli were generated and presented using MATLAB software (Natick, MA, USA; http://www. mathworks.com/), and the Psychophysics Toolbox extensions (Brainard, 1997; Pelli, 1997) . See Supplemental Experimental Procedures for a detailed description of the recordings and data analysis.
OKR Recordings
OKR measurements were performed as previously described (Cahill and Nathans, 2008) .
Statistical Analysis
The statistical significance of the differences between mean values among two or more groups was determined using Student's t test or one-way analysis of variance (ANOVA) followed by Tukey's HSD test, respectively. The criterion for statistical significance was set at p < 0.05. Error bars are SEM.
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